Dry seeds (moisture content: 12.7%) of Indigofera tinctoria L. (family: Fabaceae; dye yielding plant of commerce with immense therapeutic uses) are treated with copper (Cu), cadmium sulphide (CdS), zinc oxide (ZnO) and copper oxide (CuO) nanoparticles (NPs) and also with ethyl methanesulphonate (EMS -0.25, 0.50 and 1.00 %, 4 h duration) and gamma irradiations (50, 100, 150, 200 and 300 Gy) for inducing phenotypic mutation and causing variation in the gene pool which did not exist previously. Out of 11 macromutant types, 6 in EMS, 9 in gamma irradiations, 8 in Cu-NPs and CdS-NPs, 9 in ZnO-NPs and 11 in CuO-NPs are induced. NPs induce relatively higher mutation frequency than EMS and gamma irradiations. Potentiality of NPs inducing genetic variation in the form of macromutation is highlighted. The mutants (2n=16) show normal meiotic chromosome behaviour. Results obtained are discussed.
INTRODUCTION
Nanoparticles ranging from 1 to 100 nm (at least one dimension1) possesses unique physico-chemical properties2, 3 and ensure the potential impact in different aspects of life sciences1-12. Nanoparticles mediated research is opening up a new vista in agricultural science as they are reported to act as mutagen13 and can induce 'plant type' (phenotypic) mutation11,12,14. Chemical synthesis of nanomaterials in the laboratory, operational simplicity and cost effectivity are significant aspects which triggers their application. Present article, as an additional endeavour, describes the potentiality of nanoparticles in inducing phenotypic mutation (copper-Cu, Cadmium sulphide-CdS, zinc oxide-ZnO and copper oxideCuO) in Indigofera tinctoria L. (family: Fabaceae; common name: Nili; yield blue dye of commerce with immense therapeutic significance15,16). The conventional mutagens gamma irradiations and ethyl methanesulphonate (EMS) are also considered in the study for comparison. It is always significant to widen the gene pool through mutagenesis, which can enhance bioactive compound(s) magnifying therapeutic uses of the species under study.
MATERIAL AND METHODS Germplasm
Seed stocks (moisture content: 12.7%) of Indigofera tinctoria L. (family: Fabaceae) were procured from Medicinal Plant Garden, Narendrapur Ramkrishna Mission, Govt. of West Bengal.
Synthesis and Characterization of NPs
Cu-, CdS-, ZnO-and CuO-NPs were prepared following wet chemical co-precipitation methods and were opto-physically characterized using UV-Visible Spectrometer (UV-Vis, Shimadzu UVPC -1601), Fourier Transform Infra-red Spectrometer (FTIR only for CdS-NPs, Jasco FT/IR -6300), X -ray Diffractometer (XRD, Shimadzu LabX, λ=1.5406 Ǻ, 2θ from 10º ̶ 90º), Dynamic Light Scattering analyzer (DLS, DelsaTM NanoC, Beckman Coulter) and Field Emission Scanning Electron Microscope (FESEM, JEOL JSM -7600F) for conformation of nano standard quality11-13,17 (unpublished data).
Treatments
Dry filled seeds of I. tinctoria were exposed to synthesized solutions of Cu-, CdS-, ZnO-and CuO-NPs (0.25, 0.50 and 1.00 µg/ml, 4 h durations) and EMS (0.25, 0.50 and 1.00 %, 4 h duration; solution prepared in 0.2 M phosphate buffer, pH adjusted to 6.8). The seeds were also treated with different gamma irradiation doses (50, 100, 150, 200 and 300 Gy, source 60Co, absorbance dose rate 47.4 Gy/min, source to distance 12 cm). Dry control and bulk Cu-, CdS-, ZnO-and CuO-controls (0.25 µg/ml, 3 h) were also kept for study. Hundred seeds were treated in each lot.
Assessment of biological damages
Out of lethality, injury and seed sterility (M1 attributes relating to biological damages), only lethality could be assessed as per Konzak et al18. Injury (seedling length enhanced in all cases than controls) and seed sterility (seeds were found to mature non-synchronously) could not be estimated in the plant species.
Raising of M1 and M2 plant population
M1 generation was raised following sowing of 50 seeds from each treatment including controls in the experimental field plots of Department of Botany, Kalyani University (West Bengal plains, Nadia, latitude 22˚50΄ to 24˚11΄ N, longitude 88˚09΄ E to 88˚48΄ E, elevation 48 ft above sea level, sandy loamy soil, pH 6.85) in late February and were harvested at the month of December.
M2 population was raised in plant to row from selfed seeds (first formed flower was bagged in each case) of each surviving M1 plants. In both M1 and M2 generations plants were grown at distance 20 cm between plants and 25 cm between rows. Fertilizer application was not made at any stage of plant growth.
Screening of phenotypic mutants
Phenotypic (Macromutants) mutants were screened at M2 generation from seedling to maturity, and estimated as per 100 plants19. The mutant phenotypes were confirmed at M3 and different morphometric traits were ascertained.
Determination of Mutagenic efficiency and effectiveness
Viable mutation frequency20 was used to calculate the efficiency and effectiveness of NPs, EMS and gamma irradiations using the formulae suggested by Konzak et al. 18 . The mutagenic efficiency was calculated as Mf/L; while the effectiveness as Mf/c × t and Mf/Gy unit converted to kR (Mf = mutation frequency, L = lethality, c = concentration, t = duration, Gy = gray unit and kR = kiloroentgen).
Meiosis
Young inflorescences of 2 to 3 cm were collected from each plant type and controls at 8.30 am to 9.30 am and fixed in Carnoy's solution for 48 to 72 h (changes given at 24 h interval) and subsequently preserved in 70 % alcohol under refrigeration (16˚C ± 1˚C). Male meiosis was performed from anther squash preparations. Pollen mother cells (PMCs) and pollen grains were stained in 2 % propionocarmine solution. Meiotic plates were studied at diplotene-diakinesis, metaphase I (MI) and anaphase I (AI) and suitably photomicrographed and magnified.
Fully stained pollen grains were designated as fertile in accordance with Marks21.
RESULT AND DISCUSSION
As compared to normal plant type (Figure 1 :A), a total of 11 phenotypic (macromutants) mutant types are identified in M2 mutagenized population from a total of 4573 plants ( Table 1) (Table 1) . No mutants are scored in controls.
Estimated mutation frequency (Figure 2 :A-F) is 3.68% to 6.70% (viable: 5.12%, total: 5.12%) in EMS, 1.83% to 6.16% (viable: 4.96%, total: 4.96%) in gamma irradiations, 4.42% to 8.80% (viable: 5.86%, total: 6.48%) in Cu-NPs, 5.92% to 9.76% (viable: 7.39%, total: 7.39%) inn CdS-NPs, 7.53% to 9.90% (viable: 7.86%, total: 8.30%) in ZnO-NPs, 6.54% to 8.85% (viable: 7.40%, total: 7.80%) in CuO-NPs. Results show that NPs induce mutation frequency is more than EMS and gamma irradiations. Considering total mutation frequency, the treating agents occur is in the following order: ZnO-NPs> CuO-NPs> CdS-NPs> Cu-NPs> EMS> Gamma irradiations. 
Mutagenic effectiveness and efficiency
The mutagenic effectiveness (Table 2,3) relates doses to mutation is found to be significant in 0.25 and 0.50 %, 4h EMS; 50 Gy to 200 Gy in gamma irradiations; 1.00 µg/ml, 4h in Cuand CdS-NPs; 0.25 µg/ml and 0.50 µg/ml, 4h in ZnO-NPs and 0.50 µg/ml, 4h in CuO-NPs. Among treating agents it seems that effectivity is maximum in CuO-NPs followed by ZnO-NPs, CdS-NPs, Cu-NPs, EMS and gamma irradiations. The mutagenic efficiency defined as the relation of number of mutational events to undesirable effects like lethality and it is mostly efficient in threshold doses of treatments with the treating agents.
Meiosis
Meiotic configurations in normal and mutants are present in Table 4 . Meiocytes show 2n=16 in all the plant types always (Figure 3:A-I) . Bivalents are mostly in rod configuration ( Figure  3 :A-C). Mean chromosome association per cell at MI is 7.79II + 0.44I in normal and it varies from 6.97II + 1.17I (narrow leaf) to 7.89II + 0.22I (funnel) among the mutants. Bivalents per cell are random (p>0.05) in distribution compared to non-randomness of univalent (p<0.001) among the plant types. Equal (8/8) anaphase I segregation of chromosomes (Figure 3:A) ranges from 92.30% to 100.00% in the plant types. Rarely few cells show laggard(s) (1 to 2) and unequal separation (9/7 - Figure   3 :I) of chromosomes. Pollen fertility in control is 97.94% and it varies from 58.16% to 94.37% among mutants. 
